In recent years, the incidence of fungal infections has been rising all over the world. Although the amount of research in the field of pathogenic fungi has also increased, there is still a need for the identification of reliable determinants of virulence. In this review, we focus on identified Candida albicans genes whose deletant strains have been tested in experimental virulence assays. We discuss the putative relationship of these genes to virulence and also outline the use of new different systems to examine the precise effect in virulence of different genes. ß
Introduction
Over the past few years, the increase in the incidence of fungal infections in several countries [1^7] has stimulated the scienti¢c community to pay closer attention to this problem. Fungal infections are not as important^using quantitative parameters^as bacterial ones, and presumably their incidence will slowly decrease as HIV infection is gradually controlled in several countries. However, their treatment is still complicated for systemic infections^the most severe ones^due to the close functional similarity of the micro-organism and the host mammalian cells. Currently available therapies rely mainly on the polyene and azole compounds. Amphotericin B, the gold standard in the treatment of fungal infections, presents serious sidee¡ects^now partially overcome with the development of new ways of administration such as liposomal formulations^that restrict its use to hospitals [8, 9] . On the other 0168 hand, the emergence of resistance to azoles as a consequence of long-term therapy may limit its usefulness in future [10^12] . One main line of defence against fungal infections depends on the host immune system; however, patients su¡ering this type of infection frequently have a diminished immunological response, either humoral or cellular. This situation stresses the importance of ¢nding novel antifungal targets, and obviously, fungal virulence genes represent promising alternative targets of interest to drug development [13^17] .
Although in recent years there has been an increase in the diversity of pathogenic fungi isolated from clinical samples, Candida albicans is still the predominant cause of fungal infections. This yeast is a member of the commensal £ora, and in a certain percentage of individuals it is found in their gastro-intestinal and vaginal tracts [13, 18] . C. albicans is normally considered to be an opportunistic pathogen, since in situations that cause a decrease in host defences, it is able to access di¡erent locations of the human body and cause disease. One of the main characteristics of this pathogenic yeast is its ability to switch from a unicellular to a hyphal mode of growth, a property called dimorphism. Dimorphism is triggered in response to certain environmental conditions, such as temperature, pH or serum availability, and it is thought that it is this change which allows the organism to invade tissues and, therefore, contributes to the virulence of this micro-organism [15,19^21] . All these reasons can be invoked to account for the importance of C. albicans as a model system to study fungal dimorphism and virulence as well as to identify new antifungal targets. Although the de¢nition of a virulence factor may be di¤cult to achieve for a commensal organism, the identi¢cation of such functionŝ if properly substantiated by experimentation^could be of primary importance for the development of novel therapies. Since there are a number of excellent and comprehensive reviews on virulence factors of C. albicans and other fungi [13, 14, 22] , this review will only concentrate on those virulence genes identi¢ed in C. albicans by molecular means.
Strategies for the identi¢cation of virulence traits
Although the identi¢cation of virulence traits is still largely empirical, the experimental approaches used have changed in recent years.
The classical biochemical approach relies on the identi¢cation of compounds from the micro-organism able to elicit a response similar to the one generated by the whole organism. While this approach resulted in the identi¢ca-tion of bacterial exotoxins many years ago, it has several limitations, the main one being that in most situations infectious diseases are not the consequence of a single virulence determinant, a situation more evident for commensal organisms. For example, the mycobacterial cord factor may be responsible for some, but not all, of the lesions observed in the infections of Mycobacterium tuberculosis. This is also true for many`classic' diseases, and it is recognised that other virulence determinants contributê albeit in di¡erent degrees^to pathogenicity. Furthermore, such a putative virulence factor may not have a biochemical and/or easily recognisable activity or it may only act during a speci¢c step of the infectious process, and hence be di¤cult to detect.
In contrast, the genetic approach relies on the identi¢-cation of mutant strains with signi¢cantly reduced virulence in model systems of experimental infection. This approach has been remodelled using a parallelism to the well-known Koch postulates for the establishment of the aetiology of an infectious disease. Thus, for a gene to be considered a virulence determinant, it needs to be cloned and used to generate a deleted strain; this strain should be unable to produce infection or display at least a clear reduction in virulence ; ¢nally, reintroduction of the gene by genetic means into this strain should fully restore the wild-type virulence [23] . This approach also has several limitations. One of them is that the genetic manipulation of many micro-organisms can be laborious due to the absence of genetic tools, and the generation of a null mutant may be di¤cult and time-consuming. In addition, aspects such as the functional redundancy of the gene or ¢nding an appropriate experimental model of infection can limit the usefulness of this approach. For these reasons, this approach can, in some cases, be extended to the virulence determinants that, when expressed in an otherwise avirulent heterologous host, contribute to a pathogenic trait.
Although these issues pose a problem for researchers, genetics has been the approach preferred in the ¢eld of microbial pathogenesis to identify virulence genes, since the power of molecular genetics in some micro-organismŝ especially the enterobacteria^has allowed rapid progress in this ¢eld. The applicability of this latter approach to C. albicans has been di¤cult, since its molecular genetic manipulation is complicated due to its diploidy and lack of a sexual cycle; therefore researchers cannot use meiotic recombination in C. albicans as a mechanism to generate variability and combine di¡erent genotypes [18] . The genetic manipulation of C. albicans is, hence, much more di¤cult than that of Saccharomyces cerevisiae, a close non-pathogenic yeast and a favourite microbial eukaryotic organism. However, in recent years some genetic tools have been developed by di¡erent groups allowing a better knowledge of C. albicans [24^27] . The main tool, a gene disruption system, was developed some years ago [28] . In this system, gene disruption is achieved through transformation of a ura3 strain with a genetic construction carrying the wild-type gene disrupted with a cassette containing a nutritional marker (URA3) £anked by identical pieces of heterologous DNA (Salmonella typhimurium hisG) (hisG-URA3-hisG) and selection of prototrophic Ura colonies.
These Ura strains are grown in non-selective medium (e.g. YPD) for some generations and plated on a medium containing 5-£uoroorotic acid (5-FOA ; an antimetabolite for the orotidine 5P-monophosphate decarboxylase enzyme, Ura3p). The Ura 3 colonies generated are heterozygous strains with one allele of the gene disrupted with bacterial hisG DNA. In this way, the process is repeated for the remaining wild-type allele using the same construction, thereby generating a null mutant. In each stage, the strains so obtained must be analysed through Southern blot or PCR experiments, since di¡erent results can be obtained. This strategy was adapted from a previous one used in S. cerevisiae [29] , and was ¢rst used in C. albicans in a conceptually similar strategy by Gorman and coworkers with 2-deoxygalactose as the antimetabolite and the bacterial chloramphenicol acetyltransferase gene (cat) as £anking regions of GAL1 [30] . Since then, di¡erent experimental strategies have re¢ned and/or improved the system [31] . Another recent successful approach has been the use of an engineered version of the FLP recombinase; when target sequences of this recombinase are placed £anking the marker used for selection, its excision can be e¤ciently induced using a conditional expression of the FLP gene. The frequency of marker excision is several orders of magnitude higher than that obtained by homologous recombination between £anking direct repeats (10 31 instead of 10 35^1 0 36 ) [32] . The availability of strains with two auxotrophies has also allowed other gene disruption schemes based on two genetic markers, therefore not requiring recovery of the initial auxotrophy and thus shortening the time required to achieve the knock-out [33] . Nevertheless, the use of both markers in the gene disruption process could make the reintroduction of the analysed gene in the double knock-out strain di¤cult. This problem is by-passed by using strains with at least three markers, like CNC43 (ura3 his1 arg5,6) [33] or BWP17 (ura3 his1 arg4) [34] . Finally, long oligonucleotides (about 50^60 bp) homologous to the region to be deleted can be used to amplify by PCR the selection marker contained in a plasmid in which the 3P ends of the primers hybridised. The PCR fragment recombines with the homologous region in the chromosome, thus deleting the gene of interest and generating null mutants [34] . A recent article from the same group described a new method to disrupt easily the two copies of a gene in a single step without URA3 excision and 5-FOA utilisation, thus obtaining a Ura strain [35] . Therefore, even though it is not as amenable as S. cerevisiae, gene disruption can be successfully achieved in C. albicans. In addition, it has recently been shown that when C. albicans cells are made a or K through sorbosemediated chromosome loss [36] or directed gene deletion [37] , cells from opposite mating types are able to mate, generating aneuploid (mostly 4n) cells; although the occurrence of this process in nature is unknown, it has clear potential applications in the ¢eld of genetic manipulation.
In addition to disruption of the purported virulence genes, other systems that control expression of the genes can be used to obtain data about their in£uence on the virulence phenomenon: these are conditional expression, overexpression and misexpression. In the case of conditional expression the MAL2 promoter in the presence of sucrose or maltose (absence of glucose) [38] has been used for conditional expression of several genes (e.g. TOP1 [39] , TUP1 [40] ). Overexpression can be achieved using the PCK1 promoter in non-fermentable carbon sources or casamino acids [41] (such as EFG1 [42, 43] ). Another way to test the e¡ect of a gene in virulence is the misexpression of white-phase-speci¢c genes under an opaque promoter (WH11 [44] ) and vice versa (PEP1 [45] ). The adaptation of the tetracycline-dependent expression system [46] in C. albicans will greatly improve the current arsenal of genetic tools and possibilities, especially since this system works well in experimental infection in vivo [47] .
Another drawback in studies carried out to date has been the use of the original SC5314 lineage as the starting host strain [28, 48] . Although this is desirable for the comparison of research results obtained in di¡erent laboratories, it must be kept in mind that this strain may represent a particular^and necessarily biased^genotype and, therefore, deletion in otherwise independent isolates is always desirable to validate conclusions with virulence genes. For that reason, the new method developed by Morschha «user and colleagues will be very useful; this makes use of the previously mentioned FLP recombinase system with the dominant selection marker MPA R . MPA R is a modi¢cation of the IMH3 gene of C. albicans that confers resistance to mycophenolic acid [49] . Using this system, the authors obtained mdr1v/mdr1v mutants on clinical strains with no auxotrophic markers [50] . Finally, it will be possible to study the e¡ect of di¡erent genes in di¡erent backgrounds including clinical isolates.
Strategies for testing putative virulence traits
The most frequently used assay to test virulence has been the acute lethality test achieved by inoculation through the lateral vein of the tail of the mouse. This test virulence assay could stand for a model of a haematogenously disseminated candidiasis. The normal conditions use C. albicans cells grown overnight or for 24 h in YNB+glucose, CGYi medium, Lee's medium, Sabouraud dextrose or YPD at 28, 30 or 37³C, washed and resuspended in phosphate-bu¡ered saline and administered using doses ranging from 10 4 to 10 7 blastospores in 0.1^0.5 ml. Since the e¡ects on virulence of most of the di¡erent cloned genes have been tested using this assay, we will usually refer to it as the`classical' test of virulence. Di¡er-ent modi¢cations introduced by researchers, mainly in the mouse strain (BALB/c, CD-1, DBA/2, SCID, nude, etc.), made us consider it not to be a standard assay. It is possible to use the model of immunosuppressed mouse, where immunosuppression is preferentially achieved using cyclophosphamide (100 mg kg b.w.
31 ) 4 days and 1 day before and every 3^4 days after the infection [51^53], although other authors modi¢ed the amount [54, 55] or the schedule [56, 57] of cyclophosphamide administration. Nevertheless, other methods less drastic and harmful to the mouse^and more speci¢c^are being implemented, such as the use of anti-neutrophil antibodies (like mAb RB6-8C5 [58] ). The acute lethality test has also been used in the same fashion in other animals such as the guinea pig [59] .
Other in vivo analyses of the virulence of the strains of C. albicans have used other models to mimic di¡erent human pathologies. In this way, thrush and oral and oesophageal infections could be mimicked by di¡erent models, such as the hyposalivatory rat model, gnotobiotic piglets, or a mouse model that mimics the carrier state in sensitised humans [60] . The hyposalivatory rat model implies the surgical removal of the submandibular and sublingual salivary glands and the ligation of the parotid salivary ducts of rats. These rats produce much lower amounts of saliva and allow the colonisation of C. albicans cells when applied using a cotton-tipped applicator saturated with an actively growing culture of C. albicans [61] . This system has been used with some auxotrophic mutants [62, 63] . The gnotobiotic piglet model uses newborn germ-free piglets that are inoculated orally and treated with cyclosporin and methylprednisolone to produce immunosuppression. In this way, the gastro-intestinal tract is colonised and the infection is disseminated within the whole body, developing oral thrush, conjunctivitis and corneal lesions and complete colonisation of the tongue [64] . It has been used for the analysis of efg1 cph1 C. albicans mutants [65] . Another murine intestinal model could also be obtained upon antibiotic treatment (1 mg ml 31 bacitracin, 2 mg ml 31 streptomycin sulfate and 0.1 mg ml 31 gentamicin sulfate) of mice orally inoculated with C. albicans. The micro£ora prevents the colonisation of C. albicans in the caeca of orally inoculated mice. This model would mimic the destruction of the intestinal £ora upon antibiotic treatment of human patients. It has been used for the analysis of INT1 mutants [66] .
Other models that mimic localised infections are the murine mastitis model and the rat vulvovaginal candidosis. The murine mastitis assay is a model for localised single-organ candidiasis. In this model, lactating female mice are injected through the teat duct with a fungal suspension in one or the two mammary glands. At 4^6 days post inoculation the mammary glands are histologically analysed for infection, as well as the brain, kidneys, liver, heart and lungs to test for infections of extramammary organs [67] . As the authors pointed out, this system is important for animal welfare, the infection is localised, low doses of the fungal pathogen can be used and the route of infection could more closely resemble spontaneous fungal infections [68] . The most widely used model after the acute lethality mouse model to test the virulence of several mutants is the rat vaginitis model, since it can mimic vulvovaginal candidosis. This assay uses ovariectomised or hysterectomised Wistar rats maintained in pseudoestrus using subcutaneous injection of oestradiol undecylate or benzoate 6 days before the inoculation in the vagina with the C. albicans suspension using a calibrated syringe. Pseudoestrus is maintained during the experiments with further injections of oestradiol at 2-day intervals [69, 70] (see tables for the mutants analysed). Three other communications show us unconventional ways of testing the virulence of a C. albicans strain. Rabbit corneal keratitis is a model for super¢cial infections in epithelium in which the nictitating membrane of the eye is removed as well as a 7-mm piece of the central corneal epithelium of the eye. In this spot, a massive accumulum of C. albicans cells is placed (``bud paste'' in the words of the authors), covered with a contact lens, and the eye is sewn shut. After 1 day the eye is opened and the lens removed. After 6 days, the eye is observed and the cornea examined for quanti¢cation of fungal cells and for histological data [71, 72] . In the murine peritonitis model, C. albicans cells are inoculated intraperitoneally to mimic fungal peritonitis. In a short time (24 h) histopathological analyses of the liver and pancreas indicate the e¡ectiveness of the infection. Also, the blood levels of alanine aminotransferase and the pancreatic enzyme K-amylase showed that there is a correlation between their higher levels and the invasion of the liver and pancreas [73] . Recently, a new way to inoculate C. albicans which can induce lethal systemic candidiasis in the adult mouse has been used, the intranasal inoculation. Although this is not a common way of acquisition, the authors indicate that this challenge model mirrors the dissemination of the yeast from a mucosal surface [74] .
In addition, most of these studies are complemented by histological analyses and quanti¢cation of fungal burden (estimated by CFU in selected target organs) to test the degree of invasion or destruction of di¡erent cells, tissues or organs. These studies will surely help to understand the relationship of C. albicans with host cells but more experiments from the point of view of the host cell are also needed [75] .
The in vitro systems facilitate the understanding of this phenomenon in a more detailed and controlled fashion. Several systems have been developed to analyse di¡erent properties of C. albicans cells. Some of them test the abilities of C. albicans with respect to objects (mainly plastic) and others deal with cells and membranes. The property most studied in C. albicans is the adherence to plastic surfaces since adhesion to catheters or dental prostheses provides a mechanism for infection. Some of these protocols use the adherence to tissue culture polystyrene plates [76, 77] , while some others use the adherence to glass surfaces coated with poly-L-lysine or a commercial cell-free basement membrane preparation (Matrigel) [78] . Usually, the protocol includes the incubation of fungal cells within these materials for a short time and then several washes to eliminate the non-adherent cells. The remaining cells are stained with speci¢c fungal dyes such as calco£uor and observed under a microscope, or the £uorescence is counted in a spectro£uorometer.
The adherence and invasiveness of C. albicans cells to di¡erent types of epithelia or cells has been studied thoroughly, including the use of human epithelial buccal cells [79, 80] , ¢broblasts [81] , HeLa cells [82] or endothelial cells [83] , but only a few models exist in which a reconstituted epithelium or endothelium can be used. The passage through an epithelium or an endothelium could be considered the ¢rst stage for dissemination in the host. The ¢rst developed endothelial monolayer system used bovine aortic endothelial cells disposed over a porous polycarbonate ¢lter in a tissue fashion. This disposition allows the observation of the C. albicans passage directly under the microscope and the possibility of determining the number of cells that migrate through the endothelium and reach the abluminal part of the system [84] . The reconstituted human epithelium consisted of strati¢ed keratinocytes without stratum corneum from a squamous cell carcinoma of the buccal mucosa, cultured on an inert supporting membrane, and was developed as an in vitro model of oral candidosis cells. In this model, adhesion, cellular and tissue damage, as well as invasion of C. albicans can be monitored conveniently [85, 86] . Finally, a recent system makes use of cells from a colon epithelial carcinoma cell line (Caco-2). As in the case of the endothelial model, cells are cultured over porous inserts to allow the formation of a monolayer [87] .
Here, we shall review the genes for which published experimental virulence studies have been carried out. Most of them have been achieved using the acute lethality test in mice. For clarity in the following discussion, they will be classi¢ed as belonging to certain groups^either functional or structural^depending on the most drastic and/or clear e¡ect observed from analysis of the corresponding null strain. These comprise metabolic genes, cell wall-related genes, signal transduction-related genes, transcription factors and others. We are aware that this classi¢cation is an obvious simpli¢cation due to the pleiotropic nature of the phenotypes of many of them, and should therefore only be considered as a working scheme to facilitate understanding of this review. The tables only show those virulence assays accomplished in in vivo systems.
Genes with a de¢ned role in virulence

Metabolic genes
The role of some metabolic genes in fungal virulence is clear. Among the ¢rst examples described in the literature were some of the enzymes involved in nucleotide metabolism, and as a ¢nal consequence, DNA replication. Table 1 summarises the genes described below. One of the pioneering analyses of C. albicans virulence showed that ser, ura, ade or lys mutants (either as single or as combined mutations) injected into the lateral tail vein of male mice were avirulent, the mice showing a signi¢cant survival after 21 days, while other mutations, like met or cys, were as virulent as wild-type strains [88, 89] . The reduced virulence of C. albicans ura3 and ade2 mutants was con¢rmed later [51] . Although the strains used in this work were obtained using mutagenic treatments, both introduction of plasmids bearing the wild-type allele and spontaneous revertants restored virulence [51] . In addition, it was later shown that ura3 and ade2 strains obtained entirely through molecular biology methods (strain CAI-4) were also avirulent when assayed in a rat model of oral candidiasis [62] . This result, in fact, has questioned the interpretation of several virulence studies, due to the dual nature of URA3 as an intrinsic pathogenic determinant and a genetic marker [90] . Since the behaviour of these strains with respect to other phenotypic traits not related to pathogenicity is apparently normal, a plausible explanation for this result is that the availability of these nutritional requirements during infection is low and the existence of both phosphoribosylaminoimidazole carboxylase and orotidine 5P-phosphate decarboxylase activity is required for a correct supply of nucleic acid precursors and full growth and virulence. This result has also been observed in other fungi and, as an example, Cryptococcus neoformans ade2 mutants are avirulent in an animal model of chronic meningitis [91] . Purine biosynthesis may therefore be considered a clear virulence determinant in pathogenic fungi. It should be mentioned, however, that C. albicans mutants in other nutritional genes involved in amino acid biosynthesis, such as LEU2, HEM3 [51] or HIS1 [92] , show similar virulence when compared to wild-type strains. Mutants in other amino acid biosynthetic genes, such as HIS4, have not been tested for virulence in a systemic model, but the adherence of a his4 mutant to buccal epithelial cells was reduced [80] . When the gene was reintroduced in a plasmid, the level of wild-type adherence was recovered [80] .
Another group of metabolic genes implicated in virulence are those involved in lipid biosynthesis. Di¡erent reports suggest a role for lipid biosynthesis in virulence. The myristoyl-CoA :protein N-myristoyltransferase enzyme encoded by the NMT1 gene was assayed by replacing the remaining wild-type copy of a heterozygous nmt1v mutant by a defective point mutation allele; this resulted in a signi¢cant reduction in the catalytic e¤ciency of acyl transferase activity. Cells were therefore rendered myristate-dependent and displayed reduced virulence in immunosuppressed mice when administered systemically, probably as a result of an in vivo nutritional requirement [53] . In another report, the fatty acid synthase K-subunit encoded by the FAS2 gene was disrupted and, similarly, [97] strains were found to be dependent on the addition of certain lipid requirements (myristic and stearic acids). These mutants showed reduced virulence in a murine model of systemic candidiasis [93] and when assayed in an experimental model of oropharyngeal candidiasis, disrupted strains colonised the oropharyngeal cavity less e¤-ciently than wild-type cells [63] .
Although it makes sense that the enzymes involved in carbon source assimilation play an important role in cell growth and virulence, there are only a few genes that have been cloned to date and their e¡ects on virulence assayed. TPS1 encodes a trehalose-6-phosphate synthase necessary to accumulate trehalose and to control the in£ux of glucose into the cell. tps1 mutants were viable although their growth was slow in glucose medium at 37³C and almost null at 42³C. tps1 mutants were unable to undergo the hyphal transition [94] , although they were able to produce hyphae in media with carbon sources other than glucose [94, 95] . The infectivity of tps1 mutants in a mouse systemic model was reduced but hyphae were observed in selected organs. Perhaps, as the authors suggest, the reduced virulence phenotype may be due to a poorer proliferation in mice [94] . In this case, altered concentrations of glycolysis intermediates and/or low ATP levels could be harmful to the cells, making them more susceptible to the attack by the immune system of the host. Another gene involved in the metabolism of trehalose, the neutral trehalase gene NTC1, has been disrupted. Nevertheless, this disruption did not alter the virulence of C. albicans, and the only distinct phenotype from wild-type strains was a delay in hyphal formation [96] .
The cloning and analysis of CaMIG1, a DNA-binding protein whose S. cerevisiae homologue participates in carbon source metabolism, has been recently described. No [108] evidence of this latter role was found in C. albicans when the homozygous mutant was obtained, leading the authors to speculate about the existence of an additional MIG1 functional homologue in C. albicans. mig1 mutants did not show any di¡erence in ¢lamentation or virulence in a mouse systemic model when compared to a wild-type strain [97] . A similar example was found for CaSNF1, which encodes a protein homologous to S. cerevisiae Snf1p. In this organism, SNF1 is required for catabolite derepression and mutants are unable to grow in sucrose, for example, among other phenotypes. In this case, a homozygous mutant could not be obtained but heterozygous mutants showed a reduced growth rate and some defects in morphogenesis. Nevertheless, virulence was unchanged when compared to a wild-type strain [98] .
Iron metabolism also plays a role in virulence, a result [132] perhaps not surprising given its role in microbial virulence [99] . It has been shown that FTR1, a high-a¤nity iron permease localised in the cell surface, contributes to virulence in the mouse systemic model, while a second, di¡er-ently regulated permease, FTR2, does not [100] . FET3, a gene involved in iron uptake, is not essential for virulence but the fet3v mutant showed a reduced adherence to ¢-broblasts [81] , although iron is necessary for adherence to epithelial cells [101] and this mutant showed reduced growth in iron-limited medium [81] ; it thus seems that other factors would be needed to transform a lack of adherence into the absence of virulence in the model tested [94, 102] . Recently, RBT2, a gene encoding a putative secreted protein with similarity to ferric reductases, has been cloned in a di¡erential screen for genes overexpressed in the absence of TUP1. The virulence of the rbt2v/rbt2v mutant was similar to wild-type strains in a rabbit corneal keratomycosis model [72] .
Since it is evident that a cell must be able to colonise human body tissues^that is, to multiply and establish itself within a certain location^in order to produce infection, some of these results suggest again that some nutritional requirements may be limiting in vivo. This result is perhaps surprising considering the nutrient richness in serum but could suggest that at certain de¢ned locations or during certain stages of infection in the human body, nutrient availability is limiting.
Cell wall
The cell wall is an essential and highly dynamic fungal structure that has been implicated in several physiological processes. These include the maintenance of cellular morphology and osmotic protection of the cell through its rigidity. The cell wall is antigenic, is involved in adhesion and hence colonisation^and can modulate the immunological response against the infection. In addition, its absence in mammalian cells makes it an ideally attractive target in antifungal research. For these reasons, di¡erent genes have been isolated and their potential role as targets for new antifungals addressed in virulence studies. Table 2 summarises genes described below.
Perhaps surprisingly, there are a number of reports in which the deletion of biosynthetic cell wall enzymes did not result in a dramatically reduced virulence. For example, deletion of CHS2, a gene involved in the biosynthesis of chitin (a minor albeit essential component of fungal cell wall), does not reduce virulence [52] . This is also true for BGL2 (a L-glucosyltransferase) [103] and XOG1 (which encodes the major C. albicans exoglucanase) [104] , although subtle minor changes in virulence and fungal burden quanti¢cation were observed. The results are contradictory for another chitin biosynthetic enzyme, encoded by CHS3, since independent reports claim a reduced virulence [54] or a basically similar virulence compared to the wild-type strain [56] . Whether these di¡erences are the result of the di¡erent mouse strains used in the virulence studies or depend on the speci¢c C. albicans strains constructed by genetics is di¤cult to establish. In principle, these reports revealed the existence of di¡erent changes in the overall cell structure. For example, deletion of CHS2 and CHS3 alters the chitin content, while deletion of BGL2 and XOG1 alters the susceptibility to some antifungals that inhibit fungal cell wall biogenesis. Therefore, these subtle changes in the cell wall could modify adhesion (colonisation) and recognition by the immunological system of the host, thus leading to a di¡erent level of virulence. In any case, when considering particular genes, functional`redundancy' must always be considered because it is frequent in the case of cell wall enzymes. In fact, more than one chitin synthase, glucosyl transferase and glucanase have been reported in C. albicans, a plausible explanation for the absence of a clear phenotype with single disruptions. Another gene involved in the construction of the cell wall is GNA1, encoding a glucosamine-6-phosphate acetyltransferase which catalyses one of the steps in the synthesis of UDP-N-acetylglucosamine, a precursor of chitin and glycoproteins in yeast. The homozygous mutant exhibits morphological defects and is avirulent in a mouse systemic lethality assay [105] . Some proteins present in the cell wall are glycosylated on their serine or threonine amino acids by the addition of up to ¢ve mannose residues. This mannosylation is essential in S. cerevisiae, since disruption of the combination of some genes involved in the ¢rst stage of this O-glycosylation (PMT1 to PMT7) is lethal. The ¢rst step links the ¢rst mannose to the target protein in the endoplasmic reticulum. Then, the second step introduces the second and third mannoses as a result of the action of Mnt1p and eight other putative mannosyl transferases in a medial Golgi compartment of S. cerevisiae. In C. albicans the disruption of PMT1 leads to strains that are defective in the mannosylation of substrates, aggregate easily and have a longer duplication time. These strains are less virulent and less adhesive to epithelial cell cultures and show a lower ability to produce ¢lamentous growth in Spider medium but not in serum. Reintroduction of one allele restores the adherence to the level of the wild-type strain [106] . Another protein involved in mannosylation is Pmt6p, but probably in a di¡erent way. Its disruption does not reduce the cell's ability for mannosylation but produces strains with similar characteristics in virulence, adhesion and ¢lamentation to those shown by pmt1v/ pmt1v mutants [107] . Also, the role of another mannosyl transferase encoded by the CaMNT1 gene has been addressed recently. The mnt1v/mnt1v mutant showed a reduced ability to adhere to both human buccal and rat vaginal epithelial cells, and a reduced virulence in mice and guinea pigs that was correlated with a decreased ability to colonise selected organs [108] . Another mannan-related protein involved in the synthesis of N-linked outerchain mannan in C. albicans is encoded by the MNN9 gene and, although the virulence of the homozygous deleted strains has not been tested yet in an animal model, their osmotic-sensitive phenotype points to a reduced virulence [109] .
There are, however, other studies that describe a role for cell wall modi¢cations in virulence. PHR1 and PHR2 are glycosyl phosphatidyl inositol (GPI)-anchored cell wall proteins that exhibit a pH-dependent pattern of expression [31, 110] , being expressed at complementary pH (neutral or alkaline for PHR1 and acidic for PHR2). At alkaline pH, C. albicans phr1 mutants display a cell wall whose amount of chitin increases as the 1,6-L-D-glucan portion decreases [111] , a result that can be explained in terms of PHR1 and PHR2 encoding glycosidases required for crosslinking of the L-glucan fractions of the cell wall [112] . phr1 null mutants showed a reduced virulence in systemic infection of BALB/c mice [113] . phr2 null mutants, however, showed normal virulence in mouse systemic infections (neutral pH), but a reduced infection when a rat vaginitis model (more acidic pH environment) was used [114] . Since the absence of each of these proteins changes the composition of the cell wall, produces aberrant morphologies in the cells and causes growth defects, these mutations could prevent the adaptation of the mutants to ecological niches of di¡erent pH. Other putative GPI-anchored cell wall proteins, encoded by the genes RBT1 and RBT5, were found in a di¡erential screen for genes overexpressed in the absence of TUP1. The virulence of the rbt1v/rbt1v mutant was lower while the virulence of the rbt5v/rbt5v mutant was similar to wild-type strains in both the rabbit corneal keratomycosis model and the mouse systemic model [72] . Rbt1p is 43% identical to Hwp1p, a protein containing putative GPI anchor sequences. HWP1 is a hyphal-speci¢c gene [115^117] whose expression is dependent on the transcription factors Efg1p, Rbf1p and Tup1p, which have been shown to play a role in morphological transitions. HWP1 seems to be very speci¢c to C. albicans since no homologues have been found in the S. cerevisiae genome [117] . Interestingly, this protein acts as a substrate for mammalian transglutaminase and its deletion renders the cell unable to form stable attachments to buccal epithelial cells [118] and de¢cient in its capacity to maintain infection in the mouse systemic model [119] . Similarly, CSP37 has no homologues in the S. cerevisiae genome. Csp37p is a membrane-associated protein identi¢ed through immunological screening, and is involved in virulence and adhesion with no other detectable phenotype in the mutant [76] .
In another study, the e¡ect of the INT1 gene from C. albicans was examined. INT1 encodes a fungal cell surface homologue of mammalian integrins and, when expressed in S. cerevisiae, is able to induce aggregation in this heterologous host and stimulate the formation of germinative-like tubes in S. cerevisiae [120] . In C. albicans, deletion of the INT1 gene results in a di¡erent colony morphology on certain media that induce morphological transitions and, more interestingly, is implicated in adhesion to human epithelial cells, a trait that can easily be correlated with the reduced virulence of deleted strains in a mouse systemic model [82] . int1/int1 mutants showed reduced virulence when administered intravenously but were still able to persist in the kidneys of infected animals at a higher rate [121] . By contrast, when administered orally, caecal colonisation of the int1/int1 mutant was reduced with almost no ¢laments in the histopathological studies while the heterozygous mutants showed intermediate results [66] . In any case, the e¡ect of this gene on fungal physiology is stronger due to its more pleiotropic nature.
Collectively, these results show the close relationship between adherence, dimorphism and virulence.
Signal transduction pathways
The involvement of di¡erent C. albicans signal transduction pathways in morphological processes has reopened the long-debated controversy of dimorphism and virulence. Several excellent reviews and articles have explored this relationship [13,15,18^21] , which is still controversial and stimulating in fungal research. It is clear that there are several di¡erential aspects in hyphal cells that support the role of dimorphism in virulence, such as adhesion, invasion and escape from phagocytic cells among others. For example, the di¡erent composition of the fungal cell wall in the yeast and the hyphal form [122] has been suggested to play a role in adherence to di¡erent cell surfaces. It is also evident that the switch to the hyphal form of growth is important in the invasion of epithelial cells [84, 123] , and may provide a mechanism for draining blastospores into a major systemic bloodstream. Dimorphism also provides a way to e¤ciently escape from professional phagocytic cells, since the extrusion of hyphae damages and eventually breaks their cellular membrane. The association between dimorphism and virulence has also been controversial because the initial experiments addressing the isolation of mutants de¢cient in their ability to switch on or switch o¡ the dimorphic transition involved di¡erent random mutagenic treatments [124^126] . These mutants frequently di¡ered considerably in pathogenicity (although they were normally less virulent than wild-type strains), but their phenotype was very pleiotropic in nature, displaying several other phenotypic traits that were di¤cult to relate to the morphogenetic change. Table 3 summarises genes described below.
All these studies have, however, bene¢ted from the work done on S. cerevisiae, a micro-organism shown to display a morphological transition called invasive (haploids) [127] or pseudodimorphic (diploids) [128] in response to nutrient starvation. In recent years, genetic dissection in S. cerevisiae has led to the identi¢cation of several members of this route, which^perhaps surprisingly^also participate in the mating pathway [127,129^131] . In C. albicans, several members of this dimorphic transition have been identi¢ed in recent years, mainly because of their homology to S. cerevisiae homologous genes, and include among others CST20 and CLA4 (homologues of the STE20 and CLA4 kinase-encoding genes) [132^134], HST7 (a STE7 homologue) [133, 135] , CEK1 (a FUS3 homologue) [136] and CPH1 (STE12 homologue) [137, 138] . Deletions in these genes have been shown to a¡ect hyphal formation in certain media, although in some cases they were still able to induce the hyphal transition in response to serum. Here we focus only on those genes for which virulence studies in C. albicans have been conducted.
In three studies carried out by Whiteway's group, the role of three kinases that form part of a MAP kinase pathway involved in dimorphism was addressed. Deletion of CST20, CLA4 and CEK1 resulted in a reduction in virulence [132, 134, 139] , although the mouse strains used in these experiments di¡ered. In the case of cla4 mutants, the e¡ect was more dramatic due to the morphogenetic defects that were apparent for this strain, which under conditions that induce hyphal formation develop aberrant morphologies. Deletion of other elements of this pathway such as HST7 [132] or CPH1 [140] results in similar virulence patterns, although deletion of both CPH1 and another transcription factor EFG1 (see below) rendered cells avirulent [140] . These results are di¤cult to interpret given the multiple signals that probably converge in the signal transduction pathways, but do suggest that a correct switch from the yeast to the hyphal morphology is important for virulence.
Recent data about the mating types of C. albicans indicate that their disruption a¡ects the virulence in a mouse model (C. Hull, International Symposium on molecular biology and pathogenicity of Candida albicans and Aspergillus sp., Badajoz (Spain), Fundaciö n Ramö n Areces-Universidad de Extremadura, 25^27 September 2000).
Other reports, however, indicate that deletion of other MAP kinase genes that do not a¡ect the dimorphic transition, such as MKC1 [141, 142] , also results in a reduction in virulence with no alteration of growth rates in vivo [143] . Furthermore, two recent reports indicate that even an enhanced hyphal growth is also linked to virulence reduction. Deletion of CPP1, a MAP kinase phosphatase, gave rise to a reduction in virulence [144] . Interestingly, deletion of the HOG1 gene gave a drastic reduction in virulence in a mouse experimental model of systemic infection [92] . HOG1 codi¢es the MAP kinase of the pathway that mediates adaptation to osmostress [145] and its deletion results in a pleiotropic phenotype. These results indicate that although dimorphism is an intrinsic characteristic that contributes to virulence, dimorphism and virulence are separate phenomena.
Another recent report from the group of Calderone shows that deletion of HK1, a member of a two-component system in C. albicans [146] , generates a hyper£occu-lation phenotype [147] and also results in reduced viru- SAP1, SAP2, SAP3 Aspartyl proteases Young normal adult Pirbright guinea pig and adult Swiss white mouse, systemic 3 s N The virulence in the guinea pig model was sap2 6 sap1 6 sap3, while in the mouse model it was sap3 6 sap2 6 sap1 (4000 CFU g 31 ) or sap1 6 sap3 6 sap2 (8000 CFU g 31 ). Quanti¢cation of fungal burden in kidneys, skin and liver (guinea pig model) and in kidneys (mouse model). 14 days analysis lence [148] . Interestingly, hk1v/hk1v mutants are only avirulent in the mouse systemic model, and not in the rat vaginitis model [148] . Deletion of SLN1 or NIK1, two other two-component systems found in C. albicans [149, 150] , in the hk1v/hk1v background recovers the ability to produce hyphae and increases virulence (although virulence is always lower than in the wild-type cell) [151] . Recent data about a two-component phosphorelay gene called SSK1 [152] suggest that CaSSK1 could be acting downstream of HK1 because the ssk1v/ssk1v mutant £oc-culates in the same way as hk1v mutants. In addition, the ssk1v/ssk1v mutant shows a defect in hyphal formation [152] in serum media and is avirulent [153] .
Transcription factors
Recently, di¡erent transcription factors have been isolated and shown to play a role in di¡erent cellular responses. For example, RBF1 plays a role in hyphal formation but unfortunately its role in pathogenicity has not been addressed [154] . Dissecting a speci¢c role of these transcription factors in virulence is complicated due to their pleiotropic role in fungal physiology. There are two recent reports that indicate the role of other transcription factors. EFG1, a C. albicans transcription factor with a basic helix-loop-helix motif homologous to Myc, is a positive regulator of morphogenesis whose overexpression induces pseudohyphal growth both in S. cerevisiae and in C. albicans [42] . The results concerning this gene are somehow controversial, since it was claimed that the gene was essential [42] , but it was later deleted by another group [140] . Whether this is the result of the genetic constructions used and the existence of residual activity in deleted strains remains unknown. In any case, this latter report indicates that deletion of EFG1 in combination with CPH1 (a homologue of S. cerevisiae STE12) renders cells avirulent, an observation which was correlated with their decreased ability to undergo hyphal transition and therefore survive the attack of macrophages [140] . Also, the efg1v/efg1v mutant had a lower virulence when compared to the wild-type strain [140] , a result that could be partially explained by a reduced ability of these mutants to cross epithelia [87] . However, a recent report from the group of Kumamoto has shown that null efg1 cph1 mutants are still able to ¢lament in vivo, produce mild thrush lesions and super¢cial lesions of the eye and colonise the tongues of immunosuppressed gnotobiotic piglets [65] . Although the model system used is not the`classical' one, these results also show the existence of Cph1p-â nd Efg1p-^independent pathways promoting hyphal formation in C. albicans [65] . Although TUP1 has a clear role as a negative regulator of the dimorphic transition [40] , its role in virulence was quoted as a preliminary result in the original paper [40] and later demonstrated in a mouse lethality test with a clear reduction of the virulence when compared to the wild-type strain [72] . Table 3 summarises genes described in this part.
Secreted factors
Other genes have been shown to play a role in pathogenesis and they are summarised in Table 4 . Probably the best characterised set of enzymes involved in pathogenesis is the secreted aspartyl proteases. Aspartyl proteases are a set of enzymes well characterised in C. albicans that comprise at least nine members [155^158] . The high number of members of the family argues in favour of its importance in fungal physiology. As also expected, they are di¡eren-tially expressed under di¡erent environmental conditions, SAP2 being expressed at acidic pH, while SAP4^6 are expressed at neutral pH [155, 159, 160] , as well as type of infection [161] . The availability of a gene disruption scheme has enabled di¡erent researchers to assess the role of this individual set of enzymes in virulence in in vivo and in vitro models showing a complex landscape for their activities [45,59,73,78,86,159,162^165] . Currently, available data indicate that SAPs collectively contribute to the overall virulence of C. albicans and, for example, Sap2p seems to be important for invasion through the endothelial barrier [163] and also represents the most important contribution to virulence in the rat vaginitis model [164] . On the other hand, Sap4p^6p seem to contribute to the survival of C. albicans in macrophage phagocytosis [166] . Given the biochemical activity of these enzymes, it seems logical that they should play a role in invasion and progression of the disease. Misexpression of SAP1 (PEP1), a gene found to be expressed in the opaque phase, using the promoter of a white-phase-speci¢c gene (WH11) [45] , leads to an increase in the colonisation of the skin of newborn mice, although the virulence of this mutant in a systemic assay was indistinguishable from that of a control strain. Given, however, the complexity of this system, the reader is referred to recent reviews and articles on this subject [161, 165, 167] .
The role of phospholipases in C. albicans infections is also well established through the work of Ghannoum and coworkers. These authors described the cloning of a phospholipase gene, PLB1, deletion of which did not result in alterations in adherence, but generated cells with reduced invasion abilities [168] . This role is consistent with the presumed extracellular activity of Plb1p and, in fact, the use of antibodies against this protein enabled visualisation of the protein at the hyphal tips in invading tissues [168] . A second phospholipase has recently been cloned but its role in pathogenicity has not yet been addressed [169] .
RBT4 has been cloned in a screen for genes overexpressed in the absence of TUP1. It encodes a protein with determinants indicating that it enters the secretory pathway. Its function is unknown, but its homologues are pathogenesis-related proteins which are induced in plants upon bacterial or fungal infection. In both the model of rabbit keratomycosis and the acute lethality assay in mouse, the rbt4v/rbt4v mutants showed a reduced virulence [72] .
Other fungal determinants
Other types of fungal determinants of virulence have been summarised in Table 4 . Two reports made use of altered expression levels to demonstrate the role of particular genes in pathogenesis. In one of them, the role of TOP1, encoding a topoisomerase, in pathogenesis was addressed through the generation of a conditional lethal strain in which a wild-type copy was placed under the control of a regulated promoter. This conditional null strain grew poorly in normal laboratory media and was less virulent in a mouse systemic model [39] . In another report, the group of Soll reported the role of WH11, a white-phase-speci¢c gene in the white^opaque switching. Interestingly, not only the expression of this white-phasespeci¢c gene in opaque cells resulted in changes in frequency of the white^opaque transition, but also an increased virulence was found in a mouse systemic model [44] . A possible explanation for this result could derive from the similarity between WH11 and HSP12, a small heat shock protein; it is conceivable that increased expression of a stress protein could confer increased resistance to di¡erent environmental stresses, although to date the role of this protein has not been detailed at the molecular level.
Other genes needed to develop a response against antifungal mechanisms are CTA1 and MDR1. In the case of CTA1, encoding a cytosolic catalase, its absence in C. albicans leads to hypersensitivity to damage by neutrophils and exogenous peroxide. The cta41/cta1/cta1 mutants (since the authors claim there are three copies in the C. albicans genome, supported by enzymatic and Northern data) showed no di¡erence in growth or hyphal formation. The cta1 null mutant was almost avirulent in a systemic mouse model, although its persistence in kidneys was higher than in lungs. Clearance from lungs was observed to be faster in the case of the cta1 mutant than in the wild-type strain. Unfortunately, CTA1 reintegration was not achieved due to technical problems [170] . Recently, it has been shown that CTA1 is expressed in the presence of hydrogen peroxide [171] . MDR1 is involved in multidrug resistance. mdr1 mutants showed no di¡erential growth, hyphal formation or adherence compared to wild-type cells but were far less virulent. The authors explained this result indicating that this pump could be used to export some substance needed by the cells to become virulent through a multidrug resistance pathway [55] .
Although RAS1 has been recently cloned and it was shown that the homozygous ras1 mutant fails to form hyphae [172] , only one Ras-related gene, RSR1, has been tested in virulence assays. CaRSR1 is homologous to the S. cerevisiae gene BUD1 (RSR1), which encodes a Rasrelated GTPase required in bud site selection. The homozygous rsr1 mutant has several phenotypical e¡ects, ranging from random budding in the cell surface to a delayed, shorter and incomplete hyphal formation and reduced virulence [57] . The AAF1/CAD1 gene, cloned because it increased the adherence of S. cerevisiae to endothelial cell monolayers [173] , has no known function in C. albicans since the aaf1v/aaf1v mutant displays the same adherence to endothelial cells as the wild-type strain. A great heterogeneity^even among homozygous disruptants^was found when the doubling time was measured in YPD medium. The aaf1v/aaf1v mutant was less virulent than the parent strain but more virulent than some aaf1v/AAF1 mutants [174] .
VPS34, which encodes a phosphatidylinositol 3-kinase, is involved in the tra¤cking of soluble vacuolar proteins in S. cerevisiae. The C. albicans homologue has recently been cloned and disrupted. The homozygous mutant strain showed a lower virulence than the wild-type strain in a mouse systemic model and a strongly decreased ability to adhere to mouse ¢broblast cells [175] .
Virulence in C. albicans: concluding remarks
It is very di¤cult to de¢ne virulence for a commensal organism like C. albicans. Using part of the de¢nition of a pathogen indicated by Stanley Falkow [176] , virulence could be de¢ned as the ability to cause a disease, leading or not leading to death. One conclusion that could be drawn from the above studies is that several factors seem to contribute to the pathogenicity of C. albicans and that no single virulence trait is exclusively associated with virulence. This situation makes good sense for a commensal micro-organism that is able to generate a systemic infection only in situations in which host defence mechanisms are reduced. Therefore, not only factors depending on the micro-organism are involved but also others that are strongly dependent on the host, such as tissue-speci¢c di¡erences in infection susceptibility [177] . As a consequence, virulence results from a subtle equilibrium that may be unbalanced towards the fungus, thereby generating spread and disease. Most of the analysed genes seem to be involved in the virulence process since their mutants show a decrease in their pathogenicity (mainly to mouse). All the categories shown here seem to be involved in some way in the relationship with the host (cell wall proteins, MAP kinase pathways and transcription factors, secreted factors) while others a¡ect the cellular integrity of C. albicans. Another important aspect is that we currently know little about the precise molecular mechanisms by which these putative virulence factors act, the proposals made remaining largely speculative. So, we do not have a clear picture of what is necessary for virulence in C. albicans. In addition, perhaps those genes that seem to be essential for the cells (i.e. researchers were not able to delete them because of their presumed essentiality such as CHS1 [56] , EFT2 [178] , SEC4 [179] , SEC14 [180] SNF1 [98] or TOP1 [39] ) could also be considered virulence genes since fungal cells cannot live without them, and need them to proliferate in the host. One way to test its e¡ect in virulence could be placing the purported essential gene under the control of an inducible/repressible promoter. This has been shown for TOP1 whose conditional expression showed that its absence in the`classical' virulence assay renders C. albicans almost avirulent [39] . Nevertheless, the case of housekeeping and/or essential genes in virulence is a delicate matter since it is very di¤cult to ascertain their e¡ect with respect to the host. In this sense, some auxotrophic genes could be included in this group of`housekeeping' genes and they have been considered by other authors to be virulence determinants [51, 90] . Nucleotide metabolism may be important for virulence as has been shown in other fungal species, a result that suggests that nucleotide uptake may be rate-limiting in vivo, that is, inside the animal host. This assumption, however, has not been tested, nor has it been assayed for other nutrients whose concentration is suspected to be limiting in vivo. A similar situation exists for dimorphism, a long time suspected intrinsic virulence determinant, and most conclusions reached in the above studies were obtained in vitro. It is predictable that the conditions that stimulate hyphal formation vary inside the human host because of di¡erent micro-environments (osmolarity, anaerobiosis, pH and/or chemicals) within the human body and therefore, the invasive capacity of the fungus may change during the course of infection.
The in vitro protocols developed to determine the ability of the mutants to survive in immunological cells, to adhere to di¡erent epithelial cells or reconstituted epithelium, or to penetrate into di¡erent reconstituted epithelia would illuminate those aspects related to speci¢c phenomena within the animal body such as immunological clearance, adhesion and penetration. But, in our opinion, it is very di¤cult to determine a priori if just one character is responsible for the whole virulence of C. albicans. For example, the fet3v mutant and a wild-type strain have the same virulence in a model of haematogenously disseminated disease although the adherence of the mutant to ¢broblasts is reduced [81] .
As a consequence, analysing virulence using classical survival curves of systemically infected animal models is easy and convenient for in vivo studies, but it should be clear that it is probably a drastic oversimpli¢cation of the overall process. This assay could be interpreted as a model for haematogenously disseminated disease, although the number of infectious elements is probably too high compared to the process occurring in self-infections in human patients. Nevertheless, the model is valid for a`rough' detection of decreased virulence in mammalian hosts. The feasibility of this model in any laboratory and the complex and expensive preparation of some other models (gnotobiotic piglets, hyposalivatory rats, etc.) favour the use of the haematogenously disseminated disease model since it can be used to compare data easily among di¡erent laboratories.
This acute lethality test in mouse is perhaps not the most physiological assay that could be used, and the other in vivo models could mimic other types of candidiasis within the human host. Nevertheless, most of them are as arti¢cial as those previously discussed because they suppose huge modi¢cations within the animal (e.g. removal of the ovaries, the salivary glands or the commensal bacterial £ora, or modelling the onset of immunosuppression) although some of these mimic exceptional situations of the patients.
Thus, considering the pathogenesis of C. albicans as a complex process involving di¡erent stages^adherence, invasion, phagocytosis, colonisation and host cell damage, among others^it is clear that none of these models ¢ts with all the virulence traits that can be analysed. The in vivo models could produce surprising results since, sometimes, some strains are virulent in one of them while they are not in a di¡erent one (e.g. hk1v mutants are avirulent in an acute lethality assay in mouse but not in the rat vaginitis model [148] ) or give di¡erent results when comparing strains with deletions in a family of genes (the virulence of some SAP mutants is sap2 6 sap1 6 sap3 in the rat vaginitis model [164] and in the guinea pig model but sap3 6 sap2 6 sap1 (4000 CFU g 31 ) or sap1 6 sap3 6 sap2 (8000 CFU g 31 ) in the mouse model [59] ). So, our guess is that more than one virulence model would be necessary to test the virulence of a mutant. In vivo methods should preferentially be used since virulence is a multifactorial mechanism that should be tested in the complex environment of a living organism. All the di¡erent factors present in di¡erent tissues or organs, as well as the competition with other micro-organisms can in£uence colonisation [66] or the survival and commensal state of C. albicans [181] , and can in£uence the development of the virulence of this micro-organism. This assumption should persuade us to use the most complex virulence test system we can design, while still being able to control as many experimental parameters as possible.
To summarise, two aspects will be important for future virulence studies: the development of novel genetic tools to use in C. albicans and the development of new or better virulence testing models. The development of novel genetic tools, such as that recently described by the group of Morschha «user for the detection of in vivo-expressed genes [182] , will be important to trace the in vivo expression of speci¢c genes in a convenient manner during the course of infection, as has been shown recently for the SAP family [161] . It will also be necessary to generate additional genetic strains with di¡erent markers to facilitate genetic manipulation. The identi¢cation of tightly regulated promoters is also important to circumvent some of the problems^the basal level of activity among others^associated with the ones currently available. These studies will undoubtedly bene¢t from the availability of the whole C. albicans genome.
The development and re¢nement of the current models to assess virulence could be accomplished in di¡erent ways. First of all, as suggested before, this could be through the development of alternative animal models which better mimic the ways of colonisation and infection in a human body. Second, it could be through the use of immunomodulators and/or strains a¡ected in the immune response which may provide information on the role or type of immune response developed. Third, it could be through the standardisation of approved assays (e.g. using the same number of days or the same inocula to assess virulence). Naturally, each speci¢c C. albicans strain probably has some speci¢c requirement in the assay, but di¡er-ences between experiments developed by researchers should be kept as low as possible. Standardisation should a¡ect the animal type, doses, volume of inoculation, previous growth of the strain and even genetic background of the strain (although corresponding controls should be used). One of these aspects is the reintegration of the deleted gene, which is necessary to verify that the corresponding phenotype is due to the absence of that gene. Heterozygous mutants (one allele disrupted) could show striking phenotypes as in the case of the AAF1/aaf1v mutants where di¡erent heterozygotes showed di¡erent virulence [174] . This could be due to a di¡erential expression of each allele or the presence of natural allele di¡erences (e.g. RBT1 [72] ), a phenomenon that may sometimes explain why the disruption of a single allele shows the same phenotype as a doubly disrupted allele strain [107] and that is related to the natural heterozygosity that exists in C. albicans [183] . So, it would be necessary to test the reintegrated strain in the speci¢c virulence model used by the researchers. Nevertheless, in some cases, where the reintegrated and the homozygous mutants have no discernible laboratory phenotypes, testing several inde-pendently obtained homozygous mutants could su¤ce to test their virulence (as suggested in [72] ). Fourth, the development and re¢nement of current models could be through developing alternative in vitro assays that will allow measurement of as many speci¢c processes as possible (adhesion, invasion or phagocytosis), thus avoiding the use of animals in the future. An attractive possibility for these types of studies is the development of competitive experimental infections between otherwise isogenic C. albicans strains; this type of methodology may reveal subtle di¡erences in colonisation of mammalian hosts which are, however, important for virulence ; they may also be the initial stage in developing models of experimental infection which can mimic more closely the situation in human hosts (immunosuppression). This information will ¢nally enable a better understanding of the role and strategies of C. albicans as a pathogenic fungus, and will establish new clues for a successful therapeutic treatment of its infections.
